The main transmission system, the key component for transferring energy in machine tools, is essential for studying the energy efficiency of machine tools, highlighting the need for manufacturers to measure the input power of the main transmission system to develop energy-saving technology. In response to such a need, this article proposes a new approach that can be applied to calculate the input power of the main transmission system fed by a converter. To develop this approach, the influences of the converter and frequency variations on motor loss are analyzed to build the idle and loaded loss motor models for manufacturers. Based on these two models, the relationships between the input power of the main transmission system, the motor, and its frequency are investigated to establish a calculation approach that is convenient because only the motor input power measurement is required. Finally, 20 group experiments are conducted to validate the proposed approach, and its applications are discussed. The applications demonstrate that this method provides a high level of accuracy and validity for calculating the input power of the main transmission system driven by a converter and could be widely used to study high-efficiency machine tools and monitor the energy efficiency of machine tools.
Introduction
Improving energy efficiency in manufacturing systems is vital to achieving critical global targets in energy efficiency via low-carbon and low-emissions operations. 1, 2 Many strategies have been specified through rules of conduct and legal directives to promote energy efficiency. 3 Two examples are the regulatory frameworks European 2020 and European 2030, which aim to improve energy efficiency by 20% by 2020 and 27% by 2030, respectively. 4 Machine tools, as the key manufacturing equipment of machining systems, are abundant 5 and consume substantial amounts of energy with low efficiency during the manufacturing process. 6, 7 Thus, research on the energy efficiency of machine tools is critical. For instance, the International Organization for Standardization (ISO) published the ISO 14955-1:2014 8 international standard, which focuses on design methodologies for energy-efficient machine tools. Similarly, the European Commission has issued the Ecodesign 9 directive, which seeks to develop green machine tools. Therefore, improving the energy efficiency of machine tools has been an important strategy for sustainable manufacturing.
The energy efficiency of machine tools has been extensively studied and reported to date. The efforts can be largely divided into the following three categories. (1) Energy consumption modeling and assessment: studies at this level are designed to know where to apply energy-saving technologies and how much energy reduction is needed. For example, Kara and Li 10 established the specific energy consumption (SEC) model and found that the energy requirement of machining processes was inversely proportional to the material removal rate (MRR); Schudeleit et al. 11 described and compared four general energy efficiency evaluation methods and explicitly recommended the component benchmark method for machine tool design purposes. Therefore, both energy consumption models of machine tools and their components consumption models are important for assessing the energy efficiency of machine tools. 12 (2) Energy efficiency monitoring and management: in this category, energy efficiency on-line acquisition, energy efficiency prediction, and multiobjective optimization problems are discussed to provide essential support to the high-efficiency working of machine tools. 13 Hu et al. 14 developed an energy monitoring method and systems for machine tools fed by a variable speed drive (VSD). However, due to structural limitations, this method cannot be easily applied to certain machine tools on which a cutting-measuring instrument cannot be installed. Liu et al. 15 developed an on-line monitoring method for the energy efficiency of machine tools using the component energy transmission model in the spindle system. Although this method cannot be applied on certain machine tools fed by a VSD, it provides an idea for the acquisition of energy efficiency. (3) Design high-efficiency machine tools: in this category, lightweight component and highefficiency component selection are investigated. 16 For instance, Kroll et al. 17 investigated the effects of lightweight components on machine tools and summarized lightweight strategies and effects. Chen et al. 18 investigated the structural design of machine tools reformed with artificial granite material. Meanwhile, the energy consumption modeling of components can provide technical support for engineers to select high-efficiency components in the machine tool design stage. 16 Therefore, the energy consumption modeling and assessment, energy monitoring and management of components, and selection of high-efficiency components are essential to achieving energy-efficient machine tools.
As the key component for transferring energy in machine tools, the main transmission system (MTS) is essential for studying the tools' energy efficiency. However, because the MTS and motor are integrated into machine tools during the assembly phase, it is difficult for machine tool users to measure the input power of the MTS, which is essential for calculating the energy efficiency of the motor, MTS, and machine tools. Many years ago, Liu and Xu 19 proposed the Loss K load rate Power (LKP) method to calculate the input power of the MTS fed by normal power. Based on LKP, Liu et al. 20 established a method to separate the power information of the spindle system during the machining process that can be widely applied to monitor and assess the energy consumption and efficiency of the spindle system and its components. However, with the application of electrical VSDs in the machine tool field, the LKP method 19, 20 cannot be applied to calculate the input power of the MTS fed by a converter because the power loss of a motor driven by a converter is a function of the power frequency and not a constant, as considered in the LKP method. To solve this problem, Shi 21 investigated the base frequency loss of the spindle motor and the harmonic loss caused by the converter in machine tools; however, they did not establish the relationship between the power loss of the MTS and the spindle motor. Based on Shi's studies, Hu et al. 22 studied the load loss characteristics of the MTS and motor to determine the relationship between the input power of the MTS and the motor by conducting numerous cutting experiments. It is not convenient for machine tool users because cutting-force-measuring instruments are required, and it is time-consuming to install sensors and perform experiments.
In conclusion, previous studies have addressed the problem of calculating the input power of a MTS driven by normal power but have not considered MTSs fed by a converter. Specifically, the following issues have not been elucidated: (1) the influence of the converter and frequency variations on spindle motor loss and (2) the relationships between the input power of the MTS, the input power of the motor, and frequency. This article aims to address those deficiencies to develop a new approach for calculating the input power of the MTS that will have wider applicability for MTSs fed by a converter.
Model for calculating the input power of the MTS
The spindle system, which is the power source for machining, has complex energy consumption and energy transmission characteristics, which are shown in Figure 1 . In this figure, U , i are the input voltage and current of the spindle system, respectively; U m , i m are the input voltage and current of the motor, respectively; n m , T m are the output speed and torque of the motor, respectively; n o , T o are the output speed and torque of the spindle system, respectively; U r is the rated power of the motor; and f r is the rated frequency of the motor. CPS is the abbreviation for constant power stage, and CTS is the abbreviation for constant torque stage.
As shown in Figure 1 , because of the use of a VSD in motors, 23 the input voltage and current of a motor driven by a frequency converter is a function of the power frequency 24, 25 (illustrated in equation (1a)), which is different if the motor is fed by normal power directly (detailed in equation (1b) and Figure 1 
where I 1 is the effective value of the fundamental wave current, f o = 50 or 60 Hz; u 1 is the initial phase of the fundamental wave current; f is variable and f min f f max , u k is the initial phase of kth-order harmonic current. Thus, because of frequency variations, the motor loss (such as idle loss) is variable and not a constant, as considered by Liu et al. 15 Therefore, to calculate the input power of the MTS, a new method (as shown in Figure 2 ) with respect to the frequency variation caused by a converter is required.
Due to the structural limitations of machine tools, it is difficult for users in the workshop to measure the output speed and torque of the motor (which can be used to calculate the input power of the MTS by formula P t = n m T m =9550). Due to the measurement convenience of the input current and voltage of the motor, the input power of the MTS is typically calculated by equation (2)
The power loss model of a motor driven by a converter is critical for calculating MTS input power.
Therefore, there are three stages of developing the new approach for calculating the input power of MTSs. First, the influence of the converter and frequency variations on the motor loss must be considered, and the quantitative relationship model between the input power of the MTS and motor loss must be established. Second, the quantitative relationship model between the input power of the MTS, the motor input power, and the frequency of the motor must be established (PPF model). Finally, the input power calculation for the MTS can be proposed based on the PPF model. 
Toward machine tool users: modeling motor loss
The motor has complex power loss characteristics that are composed of copper loss, core loss, friction loss, windage loss, and stray loss. 23 Many previous studies have focused on motor loss. For example, Hildebrand and Roehrdanz 24 investigated a loss calculation model based on the structural parameters of a motor, such as the height and width of the stator tooth. Machine tool users only have motor nameplate information and do not have motor structural data. Therefore, the existing method is rarely applied to calculate the input power of the MTS in machine tools. From another perspective, the input power of the MTS is considerably larger than the motor loss; thus, there has been no requirement to develop a precise model for calculating motor loss in machine tools.
Therefore, an approximate estimation model for calculating the power loss of the motor fed by a converter is developed for machine tool users, as described below.
Based on the existing studies, motor loss can be divided into idle loss P il and variable loss P vl , as shown in equation (3), where P vl is caused by the motor load
A previous study 25 reviewed the difference in motor loss between a motor fed by a converter and normal power. According to that study, the loss caused by a converter is highly complex, but it is irrelevant to the motor load. Thus, it is regarded as a portion of the idle loss, and the idle loss and variable loss can be expressed as
where I 0s is the unloaded current of the stator, I 0s1 is the unloaded fundamental current of the stator, I k is the kth-order unloaded harmonic current, I r is the current of the rotor, R s is the stator resistance, R m is the equivalent resistance of iron, R 0 rk is the kth-order harmonic current related to the equivalent resistance of the rotor, R 0 r is the equivalent resistance of the rotor, P w is eddy current loss, and P FW is mechanical loss.
Then, the estimation model for idle loss and loaded loss are developed as detailed below.
Idle loss. The rotor current is relatively small and is omitted when the motor is unloaded; then, the fixed loss can be expressed as follows
Because R s + R m ( X s + X m , where X s is the stator leakage resistance and X m is the excitation resistance, I 0s1 is typically calculated as
P ' k I 2 0k is typically calculated as
where M is a constant. 26 Then, the expression for fixed loss is
In this article, the friction and windage loss P FW is simplified to increase in proportion to the square of the frequency. The eddy current loss P s is divided into two parts: the first part, which is zero in the idle state, is proportional to the motor output power, and the second part, which is added to P FW (yielding P 0 FW ), is unrelated to the motor output power. Meanwhile, in the CPS, the stator voltage is constant and equal to the rated voltage of the motor. During the CTS, the stator voltage of the spindle motor is proportional to the frequency of the input current. Then, the following relationship can be obtained:
In the CPS
where g = f 2 =f 2 r and P il (f r ) and P 0 FW (f r ) are the power losses under the rated frequency f r .
In the CTS
When the motor works on the minimum allowed frequency, the friction and windage loss and the eddy current loss are sufficiently small to be neglected. Therefore, the following relation is obtained:
, and the idle loss of the motor driven by a converter can be expressed as follows
According to equation (11), the idle loss of a motor in other frequencies can be determined by its idle loss under the minimum and rated frequency.
Loaded loss. When a motor is loaded, the rotor current I r increases and can be expressed as follows 15
where s r is the rated slip of the motor and P r is the rated output power. Combining equation (12) with equation (4) yields the following
When the motor is operating under the rated condition, P t = P r , U m = U r , and the energy efficiency of the motor is h r . Then, the motor's power loss can be obtained as
Then, the variable loss can be expressed as
Thus, in the CPS
and in the CTS
Let A = ½P r (1=h r À 1) À P il (f r )=P 2 r , B = P il (f r ), and C = P il (f min ); then, the motor loss driven by a converter can be expressed as
According to equation (18) , the motor loss driven by a converter can be determined by the input power of the MTS, the frequency, and the basic data (A, B, C) of the motor.
Equation (18) can provide a new way to investigate the comparison between electrical and mechanical losses under various conditions that have also been studied in the literature. 27, 28 Input power relationship between the MTS and motor According to Figure 1 , when the motor frequency is f x , the following relationship can be obtained
The quantitative relationships among the input power of the MTS P t , the input power of the motor P m , and the motor frequency f can be obtained by combining equations (18) and (19) When f r f f max , P t = 1 2A
When f min f f r ,
According to the one-to-one relationships between the motor frequency, motor speed, and spindle speed, the relationship f 2 r =f 2 ' n 2 r =n 2 can be obtained, where n is the motor speed or spindle speed and n r is the rated speed. Therefore, the quantitative relationships among the input power of the MTS P t , the input power of the motor P m , and the motor speed or spindle speed n can be obtained as When n r n n max , P t = 1 2A
When n min n n r , P t = 1 2A
Calculation approach
According to equations (20) and (21) , the PPF model is composed of the input power of the motor P m , the input power of the MTS P t , the motor frequency f , and the basic data of the motor (P r , h r , f r , P il (f r ), P il (f min )). Therefore, only the input power of the motor P m (t) must be measured to calculate the input power of the MTS P t (t). Thus, the approach for calculating the input power of a machine tool's MTS is shown in following procedures:
Step 1. Preparation for basic data. Obtain the basic data, including P r , h r , f r , f min , f max , P il (f r ), P il (f min ), and then the coefficients A, B, andC need to be calculated.
Step 2. Measure the input power of motor by power meter.
Step 3. Combine with the motor frequency, calculate the input power of MTS using equations (20) and (21) .
Those basic data (nameplate values of the motor and its idle loss under minimum and rated frequencies) in procedures are available for machine tool users via specification books or predictions. After obtaining basic data during the preparation stage, the only necessary steps are to measure the input power of the motor and combine it with the frequency or speed of the motor, which is convenient for machine tool users. According to equations (22) and (23), the motor speed and spindle speed can be used as substitutes for the motor frequency.
This approach is based on the acquisition of the motor input power P m , MTS input power P t , and motor frequency f ; thus, it is abbreviated as the PPF approach in this article.
Verification

Experimental methods and apparatus
Because the MTS and motor are integrated in machine tools during the assembly phase, it is difficult for machine tool users to install sensors on the input terminal of the MTS. To validate the proposed PPF approach, the converter and motor of the machine tools are employed to form a new testing platform (see Figure 3 ) with the help of Chongqing Machine Tools Works Co., Ltd, China. The input power of the MTS is also the output power of the motor; thus, only the output power of the motor needs to be tested.
As shown in Figure 3 , a 7.5-kW ABB motor (QABP132M4A) is driven by a Siemens MM440 converter and loaded by a CZ20-type magnetic powder brake and ZH07-B-type torque speed sensor. The HIOKI3390C power analyzer is used to measure the input power of the motor. The nameplate values of the QABP132M4A motor are as follows: P r = 7:5 kW, h r =89%,f r =50Hz,f max =100Hz,f min =5Hz, P il (f r )= 489W, and P il (f min )=300W.
Accuracy analysis
Motor load experiments with 20 different frequencies were conducted to investigate the accuracy and validity of the PPF approach. The experimental results are illustrated in Appendix 1, where P mm is the input power of the motor measured by HIOKI3390C, P tm is the input power of the MTS measured by ZH07-B, P tc is the input power of the MTS calculated by the PPF approach, and Err = jP tm À P tc j=P tm is the relative error. The power loss of the motor and the input power of the MTS at 50 Hz are shown in Figure 4 to demonstrate the accuracy of the PPF method.
Although there are small fluctuations in the transient input power of the motor, the PPF method is excellent for calculating the input power of the MTS by measuring the input power of the motor. Furthermore, the power loss of the motor calculated by PPF is smaller than the measured value, and the input power of the MTS calculated by PPF is considerably greater than the measured value in Figure 4 (a) and Appendix 1 when the motor is under a low frequency or in the overload state. This trend occurs because the PPF method is developed by investigating and formulating the power loss characteristics of the motor under a regular or commonly used state, and those characteristics change dramatically when the motor is working under a low frequency and in the overload state. 25 For example, the mechanical loss of the motor will increase dramatically if the motor output torque is over its rated value. As a result, the PPF method underestimates the power loss of the motor under low frequencies and in the overload state, and the input power of the MTS is overestimated in those cases. Thus, the error will increase when the motor is working under low frequencies or in the overload state.
The statistical results of the relative errors presented in Appendix 1 are shown in Figure 5 , indicating that 84.13% of the errors are under 3%, and over 95% of the errors are under 5%.
Therefore, although certain estimated models in the electrical field calculate the power loss of the motor, because the spindle motors of machine tools rarely working under low frequencies or in the overload state, the accuracy of the PPF method is acceptable in the mechanical field.
Application and discussion
The proposed PPF approach for calculating the input power of the MTS is available and convenient for machine tool users because only the motor input power is required, allowing a greater and wider practicability than the methods proposed by Liu et al. 20 and Hu et al. 22 Furthermore, the method can be implemented without any use of a torque (or moment) sensor, as is required in the traditional method. Furthermore, the PPF method can be widely used to study the energy efficiency and energy-saving technologies of machine tools, as discussed below:
1. The PPF method can be used to study the energy efficiency of machine tools and their components. Figures 4 and 5 illustrate that the PPF method provides a high level of accuracy and validity for calculating the input power of the MTS. In addition, F Liu 15 established a method for calculating the power loss of the MTS. According to Figure 1
Then, the expressions for the energy efficiency of machine tools, the spindle motor, and the MTS are as follows
where P MT is the total input power of the computer numerical controlled (CNC) machine tools. Therefore, the input power of the machine tool MTS is essential for calculating the energy efficiency of machine tools, the spindle motor, and the MTS. The PPF method can be used to study the energy efficiency of machine tools and their components.
2. The PPF method can be used to study machine tool energy-saving technologies, including energy saving in the use of machine tools and the design of high-efficiency machine tools. 12 As the main energy consumption component of the machine tool spindle unit, the spindle unit is an important consideration when investigating the energy-saving technologies of machine tools. 29, 30 According to equation (26) h m = P t P t + P ml = n m T m n m T m + 9550P lm ð28Þ n m = (60f =p)(1 À s), p is the pole number of the motor, and s is motor slip. Then, only the motor basic data A, B, C need to be obtained to obtain the relationship between the energy efficiency of the motor, the output torque of the motor, and frequency. According to equation (28), A = 7:86 3 10 À6 , B = 485, C = 300. The contour map of the motor energy efficiency can be easily obtained, as shown in Figure 6 , indicating that an increased energy efficiency of the motor, with 900 r=min speed 1050 r=min and 40 N m torque N m. For manufacturers of machine tools, high-efficiency motors are required to design high-efficiency machine tools. Assume that there are N different total motors from which to choose. If the motor working conditions (n m , T m , P t ) are obtained, the manufacturer would calculate each motor's efficiency based on equations (18) and (28) . Then, it is easy to select the highest efficiency motor for machine tools.
Therefore, the PPF method can be used to obtain the optimal working frequency and working torque of a motor, which can be used to determine the optimal machine tool working frequency and working torque as well as to select the spindle motors for designing highefficiency machine tools.
The proposed PPF approach can be applied for machines to calculate the input power of the MTS (the same as the output power of the motor) fed by a converter if those machines, including milling and grinding, have the structure shown in Figure 1 . However, it may be difficult to apply the PPF approach if the input power of the motor cannot be measured due to the physical structure of the machine tools. An improved approach may be required to address this deficiency by establishing the relationship model between the input power of a converter and the MTS.
Conclusion
This article presented a new approach (PPF) for calculating the input power of the MTS of machine tools. The influences of the converter and frequency variations on the motor loss were considered in developing this approach. Three input power models of the MTS and motor loss were established based on the nameplate values of the motor and its idle loss under the minimum and rated frequencies. These models include the model that describes the relationship between the idle loss of the motor and frequency, the motor loss model that can be used to determine the motor power loss using the input power of the MTS and frequency, and the PPF model that describes the relationship between the input power of the MTS, the frequency, and the input power of the motor.
A total of 20 group experiments were conducted to validate the proposed approach, and the applications of the PPF method were discussed. To calculate the input power of the machine tool MTS, the PPF method need to measure only the input power of the motor after obtaining basic motor data in the preparation stage. The verification and applications demonstrate that this method provides a high level of accuracy and validity for calculating the input power of an MTS driven by a converter and can be widely used to study the energy efficiency and energy-saving technologies of machine tools. Based on this study, future research will investigate high-efficiency machine tools and energy efficiency monitoring of machine tools. 
